The aims of this study were to compare the image noise and quality of coronary computed tomographic angiography (CCTA) at 80 kVp with knowledge-based iterative model reconstruction (IMR) to those of CCTA at 100 kVp with hybrid iterative reconstruction (IR), and to evaluate the feasibility of a low-dose radiation protocol with IMR. Thirty subjects who underwent prospective electrocardiogram-gating CCTA at 80 kVp, 150 mAs, and IMR (Group A), and 30 subjects with 100 kVp, 150 mAs, and hybrid IR (Group B) were retrospectively enrolled after sample-size calculation. A BMI of less than 25 kg/m 2 was required for inclusion. The attenuation value and image noise of CCTA were measured and the signal-tonoise ratio (SNR) and contrast-to-noise ratio (CNR) were calculated at the proximal right coronary artery and left main coronary artery. The image noise was analyzed using a noninferiority test. The CCTA images were qualitatively evaluated using a four-point scale. The radiation dose was significantly lower in Group A than Group B (0.69 ± 0.08 mSv vs. 1.39 ± 0.15 mSv, p < 0.001). The attenuation values were higher in Group A than Group B (p < 0.001). The SNR and CNR in Group A were higher than those of Group B. The image noise of Group A was non-inferior to that of Group B. Qualitative image quality of Group A was better than that of Group B (3.6 vs. 3.4, p = 0.017). CCTA at 80 kVp with IMR could reduce the radiation dose by about 50%, with non-inferior image noise and image quality than those of CCTA at 100 kVp with hybrid IR.
Introduction
Coronary computed tomographic angiography (CCTA) has been considered a reliable imaging modality for detecting and ruling out coronary artery disease (CAD) [1] , but there are still concerns regarding radiation exposure [2] . Currently, there is interest in obtaining qualified diagnostic images while reducing radiation exposure to as low as reasonably achievable. This is a problem associated with cardiac computed tomography (CT) that has not been solved [3] .
Recently, iterative reconstruction (IR) has been widely used for CCTA image reconstruction; it is advantageous in that it can reduce the noise that is caused by a decrease in spatial resolution in traditional filtered back-projection (FBP) algorithms [4] [5] [6] . By using this technique, it was possible to reduce the dose through decreasing the tube potential to 100 kVp through IR. Conventional FBP reconstruction algorithms have been shown to result in substantial increases in noise with the use of a 100 kVp instead of a 120 kVp protocol [4] . However, it has been difficult to further reduce the tube voltage to 80 kVp with IR as a consequence of increased noise and degradation of image quality [7] [8] [9] .
Knowledge-based iterative model reconstruction (IMR) using a fully iterative algorithm has been applied in the clinic to help reduce noise while maintaining image quality compared to IR [10, 11] . We hypothesized that combining the low-dose CCTA protocol at 80 kVp with IMR could overcome the above limitations and provide acceptable image quality. The objective of the study was to assess the non-inferiority of the CCTA protocol at 80 kVp with IMR compared to CCTA at 100 kVp using hybrid IR by performing quantitative and qualitative analyses of image noise and quality.
Material and Methods

Study population
This study was designed as a retrospective observational study. Thirty subjects (14 men and 16 women; mean age: 53.0 ± 9.5 years) who underwent prospective ECG-gating CCTA at 80 kVp, 150 mAs, and IMR (Level 1; Group A) were retrospectively enrolled in the study between August and November of 2014. An additional 30 subjects (18 men and 12 women; mean age: 55.2 ± 7.6 years) who underwent prospective ECG-gating CCTA at 100 kVp, 150 mAs, with hybrid IR (iDose 4 -Level 5; Group B) were also enrolled between April and July of 2014. The inclusion criteria were a body mass index (BMI) of less than 25 kg/m 2 , coronary calcium load of less than 400 Agatston units [9] , and age greater than 20 years. Medical records and CT images were reviewed retrospectively. The exclusion criteria were a heart rate of greater than 65 bpm before CT, known arrhythmia, previous allergic reaction to iodinated contrast media, renal insufficiency (serum creatinine greater than 150 μmol/L), hemodynamic instability, and congestive heart failure. Our institutional review board (Gangnam Severance Hospital IRB) approved this study and written informed consent was waived due to the retrospective nature of this study. Patient records and information were anonymized and de-identified prior to analysis
Imaging protocol
All CCTA procedures were performed on a 64-slice CT scanner (Ingenuity Core 128, Philips Healthcare, Cleveland, Ohio, U.S.A.). Data acquisition was performed in the craniocaudal direction during a single breath-hold at the end-inspiratory pause. The scanning range encompassed the heart from the level of the carina to the diaphragm. Prospective ECG-triggering was used in all cases with the step-and-shoot axial scanning technique. If the heart rate before CCTA was greater than 65 beats per minute (bpm), a β-blocker (40-80 mg propranolol hydrochloride; Pranol, Dae Woong, Seoul, Korea) was administered orally 1 h before examination.
No additional β-blockers were intravenously administered at the time of examination. Subjects who had arrhythmia or heart rates above 65 bpm immediately before or during the examination underwent retrospective CCTA using an ECG-modulation protocol and were excluded from the study. The scanning parameters were as follows: step-and-shoot axial scanning, 80 kVp or 100 kVp tube voltage, 150 mAs tube current, 64 × 0.625 mm detector collimation with dynamic zfocal spot imaging, 400-ms gantry rotation time, 4-cm table feed per rotation, and the center of the imaging window was set at 70-80% of the R-R interval. Ioversol with an iodine concentration of 350 mg/mL (Optiray 350; Tyco Healthcare, Kantata, Canada) was administered intravenously through an antecubital 18-gauge catheter at a rate of 0.75 mL/kg for 15 s, followed by 50 mL of normal saline, using a power injector (Dual Shot; Nemoto Kyorindo, Tokyo, Japan). The start time of data acquisition was determined using a real-time bolus tracking technique and scans began 7 s after attaining a trigger threshold of 130 HU in the proximal descending aorta. The breath-hold maneuver was successfully performed in all scans. The ECG signal was recorded simultaneously during each study. The effective radiation dose for CCTA was calculated by multiplying the dose-length product (DLP) with a conversion coefficient of 0.014 mSv/(mGy × cm) [12] .
CT image reconstruction
CT images were reconstructed using IMR (IMR-level 1; Philips Healthcare, Cleveland, Ohio, U.S.A.) in Group A and hybrid IR (iDose 4 -level 5) in Group B. The images were then transferred to a picture archiving and communication system (PACS; Centricity 2.0, GE Medical Systems, Mount Prospect, IL, U.S.A.). The reconstruction parameters were the following: 0.9-mm slice thickness, 0.45-mm increment, 512 × 512 pixel image matrix, XCC kernel, and a 15-23 cm field of view. Post-processing and reconstruction were performed for qualitative evaluation with multi-planar and curved-planar reformatted images, using commercially available software (Aquarius Workstation V3.6, TeraRecon, San Mateo, CA, U.S.A.).
Quantitative analysis
All images were reviewed and interpreted on PACS workstations. The vascular attenuation values for the two groups of axial CT images were measured using a round region of interest larger than 1.5 cm 2 at the ascending aorta, at the proximal right coronary artery (RCA), and at the left main coronary artery (LM). Image noise was evaluated in CCTA based on one standard deviation of the attenuation value at the ascending aorta. The signal-to-noise ratio (SNR) was calculated as vascular attenuation/image noise. The contrast-to-noise ratio (CNR) was calculated as [(attenuation of vessel)-(attenuation of the adjacent perivascular fat)]/image noise. These parameters were then compared between the two groups.
Qualitative analysis
Two radiologists who had more than 10 years of experience interpreting cardiac imaging independently assessed CCTA image quality. The readers were blinded to all patient identity, clinical information, and reconstruction method. Coronary segments were subdivided according to the 18-segment model of the Society of Cardiovascular Computed Tomography guidelines [13] . Segments with a diameter of at least 1.5 mm at the origin were included. The window level to interpret image of CCTA used at the mean of the Hounsfield unit (HU) values with a width of 800, and a level of 300 as a starting point, with readjustments for body habitus, extent of calcification, and contrast intensity [13] . The image quality of the coronary segments was assessed using a four-point grading scale as follows: Grade 1 (poor/non-diagnostic), severe image degradation or discontinuation of vessel contour that prevented vessel lumen evaluation; Grade 2 (adequate), moderate image degradation that impeded vessel lumen evaluation; Grade 3 (good), minor image degradation that did not affect vessel lumen evaluation; and Grade 4 (excellent), no image degradation.
Statistical analysis
Sample size calculation was based on a margin of non-inferiority for image noise of 5.0 using preliminary image noise measurements that were obtained for 10 subjects, who were not included in the final study population. We found that at least 30 subjects were required in each group in order to obtain a power of 90% and a two-sided α-level of 0.05 to demonstrate the non-inferiority of the 80 kVp with IMR protocol. Continuous variables were expressed as the mean ± standard deviation and categorical variables were expressed as frequencies or percentages. Shapiro-Wilk tests were used to evaluate the distribution of the data. Independent two-sample t-tests were performed to assess differences in demographic data, including age, height, weight, BMI, and average heart rate between the two groups. Fisher's exact tests were used to evaluate differences in sex between the two groups. Independent two-sample t-tests were used to determine the statistical significance of differences in CT attenuation, SNR, CNR, and radiation dose between the two groups. A twosided 95% confidence interval (CI) was calculated for the difference in image noise between the 80 kVp with IMR and 100 kVp with hybrid IR protocols to test for non-inferiority in image noise [14] . The non-inferiority margin for the difference in image noise between the two groups was set as 5.0.
The mean image quality scores between the two groups were compared using a linear mixed model considering the interaction effect. Inter-reader agreement for qualitative image quality of CCTAs was measured using the linearly weighted κ statistic. κ values were defined as follows: 0, no agreement; 0-0. 
Results
Characteristics of the subjects
In this study, we examined a total of 60 subjects (30 in Group A and 30 in Group B). The demographic data for the subjects are summarized in Table 1 . The age, height, weight, BMI, and average heart rate did not differ between the two groups (p > 0.05). All CCTA procedures were performed without complications.
Quantitative analysis
There was a significant reduction in the mean radiation dose in Group A compared to Group B, which was measured by the estimated effective dose (0.69 ± 0.08 mSv vs. 1.39 ± 0.15 mSv, p < 0.001). The mean CT attenuation values of the aortic root in CCTA were higher in Group A than in Group B (546.3 ± 66.8 HU vs. 419.8 ± 49.7 HU, p < 0.001; Fig 1) . The mean attenuation values at the LM and RCA were also higher in Group A than in Group B (562.4 ± 87.2 HU vs. 429.2 ± 61.2 HU in the LM and 587.7 ± 95.1 HU vs. 438.3 ± 68.1 HU in the RCA, p < 0.001). The SNR of the LM and RCA was significantly higher in Group A than in Group B (17.2 ± 4.6 vs. 12.6 ± 2.2 in the LM and 18.0 ± 4.8 vs. 12.9 ± 2.4 in the RCA, p < 0.001). The CNR at the LM and the RCA were significantly higher in Group A than in Group B (19.8 ± 5.1 vs. 15.4 ± 2.7 in the LM and 20.9 ± 5.4 vs. 15.9 ± 2.7 in the RCA, p < 0.001) ( Table 2 , Fig 1) . The non-inferiority of the image noise in Group A was demonstrated since the upper limit of the two-sided 95% CI of the mean image noise difference was smaller than the pre-defined non-inferiority margin of 5.0 (mean difference: -0.57, 0.95% CI: -3.56-2.41) (Fig 2) .
Qualitative analysis and inter-reader agreement
In Group A, a total of 376 segments with diameters greater than 1.5 mm were evaluated, and all 376 segments were scored as diagnostic (Grade 2-4). There were 267 segments (71.0%) that were considered excellent (Grade 4), 87 (23.1%) good (Grade 3), and 22 (5.9%) adequate (Grade 2). No segments were considered non-diagnostic (Grade 1).
In Group B, a total of 398 segments with diameters greater than 1.5 mm were evaluated. Of these segments, 224 (56.3%) were considered excellent (Grade 4), 134 (33.7%) good (Grade 3), 36 (9.0%) adequate (Grade 2), and 4 (1%) poor (Grade 1, non-diagnostic). In a per-segment analysis, the graded image quality scores for a few segments, which included the right posterior descending artery, middle left anterior descending artery, distal left anterior descending artery, distal left circumflex artery, and ramus intermedius, were higher in Group A than in Group B.
In addition, the mean image quality of the total coronary segments of Group A was significantly higher than Group B (p = 0.017) (Fig 3) . The detailed segmental evaluation results are shown in Table 3 . The inter-reader agreement for visual grading was 0.770 (95% CI: 0.687-0.853) for the 80 kVp protocol and 0.845 (95% CI: 0.781-0.909) for the 100 kVp protocol. 
Discussion
The objective of this study was to assess the feasibility of a low tube voltage protocol with IMR reconstruction. In comparison to CCTA at 100 kVp with hybrid IR, CCTA at 80 kVp with IMR in non-obese individuals allowed a 50% reduction in the radiation exposure and showed non-inferior image noise and subjective image quality.
Previously, CCTA was introduced as a useful, non-invasive diagnostic imaging modality for the detection of CAD. However, the radiation dose from CCTA was a concern because of the potential stochastic cancer risks associated with medical radiation exposure [2, 15] . Therefore, . Her mean heart rate during CCTA was 54 bpm, and the effective radiation dose was 0.63 mSv. The mean attenuation of the ascending aorta was 536.1 HU. The image noise on CCTA was 26.7. The overall image quality was 3.8. (b) A 53-year-old woman underwent CCTA using step-and-shoot axial scanning, 100 kVp tube voltage, and 150 mAs tube current for coronary disease screening. She was 166 cm tall and weighed 52 kg (body mass index: 18.9 kg/m 2 ). Her mean heart rate during CCTA was 56 bpm, and the effective radiation dose was 1.33 mSv. The mean attenuation of the ascending aorta was 374 HU. The image noise on CCTA was 31.7. The overall image quality was 3.5. various strategies and scanning protocols that allow reduction in the radiation dose of CCTA have been developed, including lowering the tube voltage, prospective ECG triggering, and tube current modulation [16] [17] [18] [19] . Using a decreased tube voltage is one effective way of reducing radiation dose. In comparison to a 100-kVp scan protocol, data acquisition using a tube voltage of 80 kVp was associated with a 47% reduction in radiation exposure [8] . However, lowering the tube voltage resulted in increased noise due to photon starvation [7] .
The IR systems for CT use hybrid methods that combined FBP with multifrequency noise removal techniques to help reduce noise uniformly in both the projection, and image spaces in order to improve image quality or to compensate for high noise caused by lower tube current acquisitions using hybrid IR. The newly introduced IMR technique, which relies on statistical and system models and approaches reconstruction as an optimization process, could theoretically result in noise-free images while improving image quality through the iterative minimization of the penalty-based cost function [5, 10, 20, 21] .
Studies that evaluated the effectiveness of IMR for CCTA have indicated that IMR improved image quality and reduced image noise compared to other reconstruction methods when using a conventional 120-kVp protocol [10, 22, 23] . Yuki et al.
[24] compared IMR, IR, and FBP at 100 kVp in non-obese patients who underwent cardiac CT and reported that IMR resulted in better image quality with less noise and fewer artifacts. Oda et al. [11] also showed that an IMR algorithm could provide improved qualitative and quantitative image quality compared to IR and FBP in low-dose CCTA when using a 100-kVp protocol and prospective ECG-gated scanning. Stehli at el. [25] have also reported accurate noninvasive diagnosis of coronary artery disease with the use of a model-based IR-reconstructed CCTA. In our previous study, we reported the feasibility of using CCTA with 80 kVp, 200 mAs, prospective ECG gating, and an IMR algorithm to produce images of markedly higher quality (3.6 ± 0.6), compared with the use of IR and FBP (3.1 ± 0.7 for IR; 2.3 ± 0.6 for FBP, p < 0.01) [26] . However, to our knowledge, no study has compared the effectiveness of a reduced tube voltage (80 kVp) combined with IMR to the widely used 100 kVp CCTA protocol combined with IR.
In the present study, we used low-dose CCTA of 80 kVp and 150 mAs, and a prospective, ECG-gated scan protocol. In comparison to CCTA at 100 kVp, the 80 kVp protocol of CCTA in non-obese subjects resulted in a nearly 50% reduction of the mean radiation dose to submSv levels. The quantitative image quality obtained with 80 kVp and IMR was better than that obtained with 100 kVp and IR, considering interaction effects (3.65 ± 0.59 vs. 3.45 ± 0.70, p = 0.017). In addition, in this study, lowering the tube voltage to 80 kVp with the updated IR algorithm of IMR could provide non-inferior image noise compared to CCTA at 100 kVp using hybrid IR. Thus, the results demonstrated that image noise did not differ significantly when the tube voltage was reduced.
In clinical studies, lowering the tube voltage resulted in higher vascular contrast enhancement when using a similar contrast-dose protocol [27, 28] . Iodine attenuation is expected to increase as the tube voltage decreases, because the energy of an X-ray photon approximates the k-absorption edge of iodine, resulting in increased attenuation [29] . In our study, reducing the tube voltage to 80 kVp with the IMR protocol resulted in a more than 30% increase in iodine attenuation compared to the 100-kVp technique, when performing the same iodine contrast media injection protocol. We demonstrated that reduced tube voltage with IMR could enhance the CNR and SNR by increasing iodine attenuation, as well as reducing the radiation dose; therefore, it could provide improved quantitative and qualitative image quality, while achieving non-inferior image noise in comparison to hybrid IR at 100 kVp. Additionally, since the low radiation dose CCTA protocol showed non-inferiority in image noise, as well as high image attenuation using IMR reconstruction, the amount of contrast media administered could be reduced with an appropriate SNR and CNR, thereby reducing the adverse effects of the contrast materials.
Limitations
There were several limitations in this study. First, the number of subjects that were enrolled retrospectively was too low for the results to be generalizable. However, we analyzed an adequate number of subjects to demonstrate the non-inferiority of the 80 kVp with the IMR protocol. Second, the present study was limited by the lack of randomization of selected subjects and by the potential selection bias. In addition, the two different types of imaging acquisition protocols were not compared in the same patients. However, in this retrospective observational study, the subjects were sequentially enrolled and evaluated based on the inclusion criteria, and there were no differences in demographics between the two groups. Finally, the diagnostic performance in terms of CAD was not assessed in this study; instead, we focused on image quality and noise. However, image quality was assessed qualitatively by two radiologists and it was determined that the image noise was sufficiently low. In addition, no segments were non-diagnostic. In future, we plan to analyze the diagnostic accuracy of low tube voltage prospective CCTA with IMR by including a larger number of subjects.
Conclusions
In conclusion, CCTA in non-obese subjects at 80 kVp with IMR was associated with a 50% reduction in radiation dose, with non-inferior image noise and quality than CCTA using 100 kVp and hybrid IR. 
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